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Abstract
Using a coarse-grained protein model, a molecular dynamics (MD) simulation of
folding of one of the benchmark two-state folders, a β-hairpin protein, has been per-
formed. Each MD trajectory was divided into two parts - one to pass from an unfolded
protein state to a native-like state by overcoming a free energy barrier that separates
these states, and the other to explore the native-like states until the native state is at-
tained. It has been found that the distributions of first-passage times (FPTs) for both
segments of the trajectories are essentially single-exponential. If the protein explores
the native-like states for a time much longer than the time to overcome the free energy
barrier, the resulting FPT distribution may be approximately single-exponential, as is
expected for two-state folders, but the mean FPT (MFPT) to reach the native state
will be determined by the time to find the native state among the native-like ones. The
Kramers rate formula to estimate the transition times from the unfolded to the native-
like states shows that these times are in reasonable agreement with the corresponding
1
times obtained in the simulations and may be far shorter than the MFPTs to reach
the native state.
1 Introduction
Most of small, single-domain globular proteins (approximately to one hundred of residues)
fold in a two-state manner.1–12 In this case, the process of folding represents a cooperative
transition from a unfolded state of the protein to its functional (native) state over a free
energy barrier without significant intermediates. The barrier is created due to an interplay
between energy and entropy, i.e., while the energy directs the protein towards the native
state, the entropy returns it back towards numerous unfolded states.13–15 On a free energy
landscape, the unfolded and folded states form basins of attraction separated by the free
energy barrier.14–21 The resulting first-passage times (FPTs) to reach the native state have
a single-exponential distribution with the mean FPT (MFPT) associated with the height
of the free energy barrier. If observed, such a distribution allows one to suggest that only
two states are essentially populated - for folded and unfolded conformations. Also, based
on the calculated height of the free energy barrier, the proteins can be classified as fast
and slow folders, which is a common practice.3,6–9,18 Along with these, well documented
properties of two-state folders, one issue requires clarification. The folded states are not
represented by the unique native conformation - the latter is just one among a variety of
native-like states, which may also play a role in protein functionality.22–26 Accordingly, when
the protein comes to the basin of native-like conformations, it does not necessarily reach the
native state immediately, but may dwell, and typically does, in this basin exploring native-
like conformations until it finds the native one. Therefore, the MFPT may not be determined
solely by the free energy barrier but be affected by the protein dynamics in the native-like
basin. So, why the exploration of native-like states does not change the single-exponential
FPT distributions, which are observed for two-state folders?
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To gain insight into this issue, we perform molecular dynamics (MD) simulations of
folding of a β-hairpin protein - one of the benchmark two-state folders. We show that along
with the single-exponential FPT distribution to arrive to the basin of native-like states
by overcoming the free energy barrier, the distribution of times to reach the native state
within this basin is also exponential. As a result, the overall FPT distribution, which may
remain apparently single-exponential, is determined by the relation of the mean times for
those distributions, i.e., by the times to overcome the free energy barrier and those to find
the native state among native-like ones. Moreover, for high temperatures, the MFPT is
practically determined by the time to find the native state in the basin for native-like states.
We also use the Kramers rate formula to estimate the transition times from the basin of
unfolded states to the basin of native-like state, and find that these times are in reasonable
agreement with the corresponding times obtained in the simulations and may be far below
of the MFPTs to reach the native state.
2 System and Simulation Method
The β-hairpin protein we study is a 12-residue protein with the sequence KTWNPAT-
GKWTE (2evq.pdb).27 Since a large number of folding trajectories was required to have
well-converged FPT distributions (ten to twenty five thousands of trajectories were run),
the coarse-grained simulations similar to those in the previous work28 were employed. They
included a Cα-bead protein representation and Go¯-type interaction potential.
29 The Cα-bead
representation was constructed on the basis of the NMR protein structure of the protein.27
The Go¯-type potential consisted of three terms, which accounted for the rigidity of the back-
bone and the contributions of native and non-native contacts in the form of the Lennard-
Jones potential.30 Two Cα-beads were considered to be in native contact if they were not the
nearest neighbors along the protein chain and had the interbead distance not longer than
dcut = 7.5A˚, which was found to be suitable for a correct formation of the native structure.
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In this case, the number of native contacts is Nnat = N
NAT
nat = 27. The simulations were per-
formed with a constant-temperature molecular dynamics (MD) based on the coupled set of
Langevin equations.31 The time-step was ∆t = 0.0125τ , where τ is the characteristic time. At
the length scale l = 7.5A˚ and the attractive energy ǫ = 2.2 kcal/mol,32 τ = (Ml2/ǫ)1/2 ≈ 2.6
ps, where M = 110 Da is the average mass of the residue. The friction constant γ = M/τ in
the Langevin equations was varied from γ = 3M/τ to γ = 50M/τ , where the upper bound
corresponds to water solution at room temperature;33 for these values of γ, the folding rate
decreases approximately as ∼ 1/γ.33 In what follows, the temperature is measured in the
units of ǫ, i.e., the Boltzmann constant is set to unity. Folding trajectories were started from
a partially folded state of the protein and terminated upon reaching the native state.34 The
native state was considered to be reached if the root-mean-square-deviation (RMSD) from
the native structure was less than 1.0 A˚.
3 Results and Discussion
The simulations were performed for five temperatures ranging from T = 0.1 to T = 0.3
(≈ 110K to ≈ 330K at the given value of ǫ). Figures 1, 2 and 3 present the results for
T = 0.1, T = 0.2 and T = 0.3. The friction constant is γ = 10M/τ . Twenty five
thousand of folding trajectories were run for each temperature. Figure 1 shows the results
for T = 0.1. The distribution of protein states is presented in Fig. 1a and Fig. 1b as
a free energy surface (FES) and a free energy profile (FEP), respectively. Since the MD
trajectories were terminated upon reaching the native state, i.e., “nonequilibrium” conditions
were simulated, the present FES and FEP represent the distributions of probabilities of
protein states rather the true free energy landscapes. As a reaction coordinate, the number
of native contacts Nnat was used.
13–15,21,35–38 For the FES, the free energy was calculated as
F (Nnat, Rg) = −T lnP (Nnat, Rg), where P (Nnat, Rg) is the probability to find the protein in
a state with the given number of native contacts Nnat and the radius of gyration Rg. For the
4
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Figure 1: T = 0.1. (a) The free energy surface F (Nnat, Rg) and (b) free energy profile
F (Nnat). (c) First-passage time distributions: the U-NL trajectories (blue triangles), the
NL-N trajectories (red), and the U-N trajectories (black). (d) The mean-square deviation of
the number of natives contacts Nnat from that at the transition state N
TS
nat (black curve); the
blue and red dashed lines are the linear fits to the curve for short and long times, respectively.
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Figure 2: T = 0.2. The notations are as in Fig. 1.
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Figure 3: T = 0.3. The notations are as in Fig. 1.
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FEP, the free energy was calculated as F (Nnat) = −T lnP (Nnat), where the probability for
the protein to have Nnat contacts, P (Nnat), was calculated by summation of protein states
at the current value of Nnat. In agreement with previous studies of β-hairpin folding,
28,39–45
the FES and FEP reveal two basins of attraction - one for partially folded (semi-compact)
conformations (smaller values of Nnat), and the other for native-like states (larger values
of Nnat). The basins are separated by a free energy barrier at the transition state (TS) at
Nnat = N
TS
nat ≈ 18.
To estimate the contribution of native-like states to the FPT distribution, each MD
trajectory from an unfolded to the native state (U-N) was divided into two parts, i.e., the
trajectory to come from an unfolded state to the basin of native-like states (U-NL), and the
continuation of this trajectory in the basin of native-like states, until the protein attains the
native conformation (NL-N). The U-NL trajectories are somewhat similar to the transition-
path trajectories.46,47 To divide the U-N trajectory, here and in all other cases we studied,
we chose the point Nnat = N
TS
nat + 2, where the height of the basin of native-like states on
the TS side typically was ≈ 90%. It has been found that at the given choice of dividing
point, the U-NL trajectories did not return from the native to the unfolded basin, except
for small fluctuations around the TS (Supporting Information, Fig. S1). Figure 1c shows
the FPT distributions for the U-NL (blue), NL-N (red) and U-N (black) trajectories. It is
seen that not only the FPT distribution for the U-NL trajectories, which overcome the TS
barrier, is essentially single-exponential, which is characteristic of two-state kinetics, but the
FPT distribution for the UN-to-N trajectories, which are confined to the basin of native-like
states, is also approximately single-exponential (a steep rise of the U-NL FPT distribution at
small times reflects the times the protein spends to come to the basin of semi-compact state
from an unfolded state48). According to the Poisson law of zero-order (the waiting time for
the first event), the single-exponential distribution for the U-NL trajectories suggests that
in the basin of native-like states the protein explores equally probable and accessible states
(see also a simple illustration of this in the Supporting Information, Fig. S2). The U-NL and
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NL-N trajectories contribute to the overall MFPT approximately equally: the MFTPs for
the U-NL and NL-N trajectories are 〈tU−NL〉 ≈ 144 and 〈tNL−N〉 ≈ 106, respectively, which
constitute the MFPT for the U-N trajectories, 〈tU−NL〉 ≈ 250. The U-N FPT distribution is
approximately single-exponential but mostly for the times longer than the MFTPs for the
U-NL and NL-N trajectories.
Theoretically, the U-N FPT distribution is determined as
pU−N(t) =
∫ t
0
pNL−N(t1)pU−NL(t− t1)dt1
When the U-NL and NL-N distributions are single-exponential, i.e., pU−NL(t) = (1/〈tU−NL〉) exp(−t/〈tU−NL〉)
and pNL−N(t) = (1/〈tNL−N〉) exp(−t/〈tNL−N〉), it gives
pU−N(t) =
1
〈tU−NL〉 − 〈tNL−N〉
[e−t/〈tU−NL〉 − e−t/〈tNL−N〉] (1)
In two limit cases, 〈tNL−N〉 ≫ 〈tU−NL〉 and 〈tU−NL〉 ≫ 〈tNL−N〉, pU−N(t) transforms into
the corresponding single-exponential NL-N and U-NL distribution, while when 〈tNL−N〉 and
〈tU−NL〉 are compatible, it remains essentially two-exponential. Most significantly, pU−N(t)
deviates from the single-exponential distribution when 〈tNL−N〉 ≈ 〈tU−NL〉. Then pU−N(t) ≈
t/τ 2 exp−t/τ , where τ = 〈tNL−N〉 ≈ 〈tU−NL〉. In this case, first, the steep rise at small times
becomes more pronounced, and, second, the distribution approaches to a single-exponential
one only at t/ ln t≫ τ . Figure 4 shows the evolution of the FPT distributions with the ratio
α = 〈tNL−N〉/〈tU−NL〉 from α ≪ 1 to α ≫ 1; at the lower bound of α, the MFPT is largely
determined by the transition over the free energy barrier, and at the upper bound, by the
exploration of native-like states.
As the temperature increases, the TS slightly shifts towards the native state, Figs. 2a,b
and 3a,b (see also Fig. 5, where the FEPs are put together, including those for the inter-
mediate temperatures T = 0.15 and T = 0.25). The FPT distributions are similar to those
for T = 0.1 (Figs. 2c and 3c), i.e., the U-NL and NL-N distributions remain essentially
9
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Figure 4: The evolution of theoretical first-passage time distribution: (a) 〈tU−NL〉 = 10.0 and
〈tNL−N〉 = 1.0, (a) 〈tU−NL〉 = 5.0 and 〈tNL−N〉 = 10.0, (c) 〈tU−NL〉 = 10.0 and 〈tNL−N〉 = 10.1,
and (d) 〈tU−NL〉 = 1.0 and 〈tNL−N〉 = 10.0. The distributions for the U-NL trajectories are
shown in blue, for the NL-N trajectories in red, and for the U-N trajectories in black.
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single-exponential whereas the U-N distributions are apparently exponential only at large
times. In order to separate the U-NL, NL-N and U-N distributions more clearly, they are
shown in Fig. 6 in the form of survival probabilities. It is significant that the contribution
of the NL-N trajectories to the U-N FPT distribution becomes dominant with temperature,
so that both the U-N distribution and its MFPT are largely determined not by overcoming
the free energy barrier but protein dwelling in the basin of native-like states. For example,
at T = 0.3, the MFPTs are 〈tU−NL〉 ≈ 85, 〈tNL−N〉 ≈ 235, and 〈tU−N〉 ≈ 320.
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Figure 5: Variation of the free energy profiles with temperature.
The results of simulations for intermediate temperatures, T = 0.15 and T = 0.25, as well
as of the simulations for smaller and larger values of the friction constant, γ = 3M/τ and
γ = 50M/τ , are completely in line with the present results (Supporting Information, Figs.
S3 - S10 and Tables S1 - S4). The main effect is that the MFTSs drastically increase with
γ.33 Also, it is worth noting that we can as well use an alternative condition to terminate
the MD trajectories, specifically, that Nnat is equal to the number of native contacts in the
native state NNATnat = 27. The simulations show that this does not affect the overall picture of
folding, i.e., the TSs retain their positions, and the U-NL and NL-N FPT distributions remain
essentially single-exponential (Supporting Information, Figs. S11 - S12). The only change
is that the time the protein spent in the basin of native-like states increases substantially
because the probability to find a state with Nnat = N
NAT
nat turns to be smaller than that to
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Figure 6: The first-passage time distributions as the survival probabilities: (a) T=0.1, (b)
T=0.2, and (c) T=0.3. The U-NL distributions are shown in blue, the NL-N distributions
in red, and the U-N distributions in black. The dashed green lines are the exponential fits
to the the U-NL distributions.
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find a state with the RMSD from the native state less than 1.0 A˚ (al least, in the present
protein model).
It is interesting to ask what folding times can be predicted using the reaction-state theory
for the calculated FEPs. Specifically, we can use the Kramers rate formula in the strong
friction limit,49,50 which has been previously employed to calculate folding times.6,8,35 Our
analysis is somewhat similar to that for the folding of a 27-bead lattice protein.35 With Nnat
axis as a reaction coordinate, the mean time of transitions over the free energy barrier is
determined as
〈tU−NL〉 =
2πT
DTS(F
′′
UF
′′
TS)
1/2
exp(−∆F/T ) (2)
where F
′′
U and F
′′
TS are the second order derivatives of the free energy with respect to Nnat at
the bottom of the basin for unfolded states and the top of the TS barrier, respectively, DTS
is the diffusion coefficient at the TS, and ∆F is the height of the TS barrier measured from
the bottom of the unfolded state basin. The diffusion coefficient was calculated directly,
although the autocorrelation time of Nnat could also be used for this.
35 Specifically, as the
MD trajectory reached the TS (Nnat = N
TS
nat), the time-dependent square deviation from the
TS, R2(t) = [Nnat(t) − N
TS
nat]
2, was calculated, and the diffusion coefficient was determined
as D = (1/2)d〈R2〉/dt, where 〈R2(t)〉 is the ensemble average of R2(t). In general, the
value of the diffusion coefficient is position-dependent in protein folding.36–38 As can be seen
from Figs. 1d, 2d and 3d, there are two time intervals where the 〈R2(t)〉 changes with
time linearly, and thus the diffusion coefficients can be considered constant for each of these
time intervals. At short times (t < 0.2), DTS ∼ 10, but at longer times (t > 1 in Fig. 1d
and t > 4 in Fig. 3d), it is one order of magnitude smaller (by ≈ 30 times). At short
times, the deviation from TS, ∆Nnat = 〈R
2(t)〉1/2, is 2 units or less, i.e., the protein does
not leave a close vicinity of the TS. In contrast, at longer times, ∆Nnat can be as large
as 4 units, which indicates that the protein moves away from the TS toward the bottom
of one of the basins (see Figs. 1b, 2b and 3b). The simulations show that at large times
the protein does not “jump” between the basins of unfolded and native-like states over the
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TS but rather explores one of the basins, predominantly, the basin of the native-like states
(Supporting Information, Fig. S1). This suggests that the linear behavior of 〈R2(t)〉 at large
times should be associated with an intra-basin diffusion rather than with the transitions over
the TS barrier, i.e., with an inter-basin diffusion. Consequently, the value of the diffusion
coefficient at small times was employed as the DTS in Eq. (2). Because of the discrete nature
of the reaction coordinate, we used two different methods to calculate the derivative F
′′
U and
F
′′
TS. In one method, the derivatives were obtained from the approximations of the F (Nnat)
with the second order polynomials in the vicinity of the points corresponding to the bottom
of the unfolded basin (F
′′
U) and the top of the TS barrier (F
′′
TS). In the other method, the
derivatives were calculated directly, as the three-point finite differences of F (Nnat) at those
points. The calculated parameters for Eq. (2) are tabulated in Table 1. It is seen, in
Table 1: Parameters to calculate the U-NL transition time with the Kramers formula
T 0.1 0.15 0.2 0.25 0.3
∆F 0.26 0.33 0.36 0.38 0.34
F
′′
U
a 0.27 0.29 0.27 0.23 0.24
F
′′
U
b 0.29 0.29 0.25 0.23 0.23
F
′′
TS
a 0.14 0.19 0.21 0.26 0.32
F
′′
TS
b 0.10 0.19 0.22 0.28 0.32
DTS 4.5 6.0 6.5 8.0 9.0
a from the polynomial approximation.
b calculated as the three-point finite difference.
partular, that except for T = 0.1, the values of F
′′
U and F
′′
TS obtained with the two above
methods are very close.
The results of the calculations are presented in Table 2 and Fig. 7a. As could be expected,
the Kramers formula (blue triangles) gives the U-NL transition times (black triangles) rather
than the total, U-N folding times (black squares). At the same time, along with a similar
qualitative behavior with temperature, the times given by Eq. (2) are considerably shorter
than those obtained in the simulations - from approximately 2 times at T = 0.1 to 8 times
at T = 0.3. Also, the degree of agreement with the simulated times depends on the value
of the friction constant, as it is shown in Figs. 7b and 7c for γ = 3M/τ and γ = 50M/τ ,
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Table 2: Comparison of folding times
T 0.1 0.15 0.2 0.25 0.3
〈tU−NL〉
a 93.0 63.0 59.0 63.0 63.0
〈tU−NL〉
b 48.7 24.9 21.0 15.2 8.4
〈tU−NL〉 144.6 103.4 92.5 89.9 85.0
〈tNL−N〉 105.8 81.0 92.0 133.8 235.3
〈tU−N〉 250.4 184.4 184.5 223.7 320.3
a calculated from the slope of the simulated U-NL decay curve.
b Eq. (2) for the average values of F
′′
U and F
′′
TS (Table 1).
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Figure 7: Comparison of the mean-first-passage-times: (a) γ = 10M/τ , (b) γ = 3M/τ , and
(c) γ = 50M/τ . The black squares are for the 〈tU−N〉 times from simulations, the black
triangles denote the 〈tU−NL〉 times calculated from the slopes of the simulated U-NL decay
curves, and the blue triangles are for 〈tU−NL〉 times from Eq. (2) with the average values of F
′′
U
and F
′′
TS (the dashed and dash-dotted blue lines show the results for F
′′
U and F
′′
TS obtained by
the polynomial approximation of the FEP and calculated by finite-differences, respectively).
For γ = 10M/τ and γ = 3M/τ , the diffusion coefficient was calculated from 〈R2(t)〉 at small
times where 〈R2(t)〉 ∼ t , and at γ = 50M/τ at longer times where 〈R2(t)〉 ∼ t (see the text
for details). In all cases, the solid lines are to guide the eye.
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respectively. Moreover, we found that the calculation of the diffusion coefficient at long
times, as has been employed for folding of a lattice protein,35 can give better agreement
with the simulated times, although the diffusion at these times is intra-basin rather than
inter-basin. This is the case of γ = 50M/τ , where the calculation of the diffusion coefficient
at short times would decrease the times from Eq. (2) by factor of ≈ 10 in comparison
with those in Fig. 7c. There may be several reasons why the replacement of “real” protein
dynamics in multi-dimensional space by motion along the calculated one-dimensional FEP
did not lead to better agreement of the theoretical estimates with the simulated reasults.
For instance, Nnat is good but not an optimal reaction coordinate. Also, one of the basic
conditions to derive Eq. (2), ∆F ≫ T ,49,50 is not fully satisfied. Nevertheless, although
more accurate estimates would be desirable, for the purposes of the present study, it is more
important that the times obtained from Eq. (2) reproduce the U-NL transition times rather
than the total MFPT.
4 Conclusion
Using a coarse-grained protein model, we have performed an extensive MD simulation of
folding of a β-hairpin protein - one of the benchmark two-state folders. Each MD trajectory
to reach the protein native state from an unfolded state was divided into two parts - one
to pass from the unfolded state to a native-like state by overcoming the free energy barrier
that separates these states, and the other to expore the basin of native-like states until
the native state is achieved. It has been found that the distributions of first-passage times
(FPTs) for both segments of the trajectories are essentially single-exponential. The resulting
FPT distribution to reach the native state is generally double-exponential, with a steep rise
at small times and an apparent exponential decay at large times. The deviation of this
distribution from a single-exponential one is determined by the relation of the mean times
for the constituting trajectories, i.e., the smaller one time is in comparison to the other, the
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closer the resulting FPT distribution is to the exponential distribution for the longer-time
trajectories. Accordingly, if the protein dwells in the basin of native-like states for a long
time, in comparison to the time to overcome the free energy barrier, the FPT distribution
may appear as an exponential distribution, but the mean FPT (MFPT) to reach the native
state will be determined not by the time to overcome the barrier but the time to find the
native state among native-like ones; this is characteristic of high temperatures. Based on the
free energy profiles constructed from the simulated MD trajectories, the mean times to pass
from the basin of unfolded states to the basin of native-like states has been calculated using
the Kramers rate formula. It has been found that these times are in reasonable agreement
with the corresponding times obtained by the simulation and are far shorter than the MFPTs
to reach the native state.
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1 Deviation from the Transition State
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Figure S1: T = 0.2, γ = 10M/τ , and ten thousand MD trajectories. The mean square (black
curve) and mean (blue curve) deviations from the transition state.
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2 A Simple Model for Single-Exponential
First-Passage Time Distribution
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Figure S2: A simulated distribution of first-passage times. Random number generator with
a uniform distribution of the numbers between 0 and 1 was used. In the ensemble of 106
trajectories, each trajectory was started from a random number and proceeded through the
numbers until the value of 0.7± 0.01 was achieved. The label corresponds to the simulated
trajectories, and the blue dashed line shows an exponential fit to the simulate distribution
with the decay rate of 50.0.
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3 Friction Constant γ = 10M/τ
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Figure S3: T = 0.15. (a) The free energy surface F (Nnat, Rg), and (b) free energy profile
F (Nnat). (c) First-passage time distributions in the form of survival probabilities: the U-NL
trajectories (blue), the NL-N trajectories (red), and the U-N trajectories (black); the dashed
green line denotes an exponential fit to the U-NL distribution. (d) The time-dependent
mean-square deviation from the transition state in the number of native contacts (black
curve); the blue and red dashed lines are the linear fits to the curve for short and long times,
respectively.
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Figure S4: T = 0.25. The notations are as in Fig. S3.
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4 Friction Constant γ = 3M/τ
0 3 6 9 12 15 18 21 24 27
4
5
6
7
8
9
10
11
12
13
14
number of native contacts
ra
di
us
 o
f g
yr
at
io
n
0.00
0.174
0.348
0.522
0.696
0.870
1.04
1.22
1.39
1.57
1.74
(a)
0 3 6 9 12 15 18 21 24 27
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
fre
e 
en
er
gy
number of native contacts
(b)
0 100 200 300 400 500
10-4
10-3
10-2
pr
ob
ab
ilit
y 
de
ns
ity
time
(c)
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0
1
2
3
4
5
6
<
r2
(t)
>
time
(d)
Figure S5: T = 0.1. (a) The free energy surface F (Nnat, Rg), and (b) free energy profile
F (Nnat). (c) First-passage time distributions: the U-NL trajectories (blue), the NL-N trajec-
tories (red), and the U-N trajectories (black); the dashed green line denotes an exponential
fit to the U-NL distribution. (d) The time-dependent mean-square deviation from the tran-
sition state in the number of native contacts (black curve); the blue and red dashed lines are
the linear fits to the curve for short and long times, respectively.
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Figure S6: T = 0.2. The notations are as in Fig. S5.
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Figure S7: T = 0.3. The notations are as in Fig. S5.
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Table S1: Parameters to calculate the U-NL transition time with the Kramers rate formula
T 0.1 0.15 0.2 0.25 0.3
∆F 0.25 0.32 0.35 0.35 0.27
F
′′
U
a 0.28 0.30 0.27 0.24 0.23
F
′′
U
b 0.28 0.29 0.26 0.25 0.23
F
′′
TS
a 0.13 0.17 0.23 0.28 0.33
F
′′
TS
b 0.21 0.18 0.23 0.29 0.33
DTS 4.0 5.8 6.5 8.5 9.5
a from the polynomial approximation.
b calculated as the three-point finite difference.
Table S2: Comparison of Folding Times
T 0.1 0.15 0.2 0.25 0.3
〈tU−NL〉
a 33.0 23.0 21.0 23.0 24.0
〈tU−NL〉
b 42.6 26.8 18.5 10.7 6.5
〈tU−NL〉 40.2 28.4 25.1 24.3 23.5
〈tNL−N〉 34.7 28.9 35.7 56.7 108.7
〈tU−N〉 74.9 57.3 60.8 81.0 132.2
a calculated from the slope of the simulated U-NL decay curve.
b Kramers rate formula for the average values of F
′′
U and F
′′
TS (Table S1).
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5 Friction Constant γ = 50M/τ
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Figure S8: T = 0.1. (a) The free energy surface F (Nnat, Rg), and (b) free energy profile
F (Nnat). (c) First-passage time distributions in the form of survivaal probabilities: the U-NL
trajectories (blue), the NL-N trajectories (red), and the U-N trajectories (black); the dashed
green line denotes an exponential fit to the U-NL distribution. (d) The time-dependent
mean-square deviation from the transition state in the number of native contacts (black
curve); the blue and red dashed lines are the linear fits to the curve for short and long times,
respectively.
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Figure S9: T = 0.2. The notations are as in Fig. S8.
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Figure S10: T = 0.3. The notations are as in Fig. S8.
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Table S3: Parameters to calculate the U-NL transition time with the Kramers rate formula
T 0.1 0.15 0.2 0.25 0.3
∆F 0.25 0.32 0.38 0.41 0.38
F
′′
U
a 0.27 0.25 0.24 0.22 0.24
F
′′
U
b 0.29 0.29 0.24 0.21 0.24
F
′′
TS
a 0.14 0.16 0.21 0.26 0.28
F
′′
TS
b 0.21 0.18 0.23 0.27 0.31
DTS 0.35 0.50 1.1 0.90 0.95
a from the polynomial approximation.
b calculated as the three-point finite difference.
Table S4: Comparison of folding times
T 0.1 0.15 0.2 0.25 0.3
〈tU−NL〉
a 440 280 285 310 265
〈tU−NL〉
b 472 358 151 159 100
〈tU−NL〉 733 514 484 454 406
〈tNL−N〉 476 372 380 524 859
〈tU−N〉 1209 886 864 978 1265
a calculated from the slope of the simulated U-NL decay curve.
b Kramers rate formula for the average values of F
′′
U and F
′′
TS (Table S3).
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6 Different Thresholds to Terminate the MD
Trajectories
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Figure S11: The trajectories were terminated as the RMSD from the native state was less
than 1.0 A˚; T = 0.2. (a) The free energy surface and (b) free energy profile. (c) First-
passage time distributions in the form of survival probabilities: the U-NL trajectories (blue),
the NL-N trajectories (red), and the U-N trajectories (black); the dashed green line denotes
an exponential fit to the U-NL distribution. (d) The time-dependent mean-square deviation
from the transition state in the number of native contacts (black curve); the blue and red
dashed lines are the linear fits to the curve for short and long times, respectively.
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Figure S12: The trajectories were terminated as the number of native contacts Nnat was equal
to the number of native contacts in the native state NNATnat = 27; T = 0.2. The notations are
as in Fig. S11.
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